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SUPPLEMENTARY MATERIALS 

Tables DR3-DR6 

1. Petrography of the two particles.

Two dust particles were provided by JAXA (Japanese Aerospace Exploration Agency). 
Particles RA-QD02-0030 and RA-QD02-0013, hereafter named #0030 and #0013, 
respectively. Petrographic descriptions of the particles were provided by JAXA.  

1.1 RA-QD02-0030 

The size of the particle is 163.8 µm in its longer side (Fig. DR1). The main phase constituents 
are low-calcium pyroxene (56.1%), olivine (22 %), plagioclase (20%), taenite (0.25%) high-
calcium pyroxene (1.5%) and troilite (0.13%) (Fig. DR2, DR3).  

Fig. DR1: SEM (Secondary Electron Microscope) picture of particle #0030 (courtesy of 
JAXA; (2011). 



 
 

Fig. DR2: Crystal phases of particle #0030 measured by SEM and EDX (Energy dispersion 
X-ray) imaging (courtesy of JAXA). 

 
The total volume of the particle is 760,531 um3 and the porosity is 0.03%. The particle is 
equilibrated with an equilibration temperature calculated to be 636°C (Nakamura et al., 
2011), consistent with petrologic type 5. The particle has been analysed for oxygen isotopes 
(Nakashima et al., 2013) and yielded ΔO17 values of 1.5 ± 0.4 ‰, typical for LL-chondrites. 
 
The K2O composition of the various phases is important for this study as 40Ar/39Ar dating 
depends on the quantity of K2O from a sample, and to some extent the K2O concentration in 
each of the phases. Table DR1 and Fig. DR3 give the K2O concentration for each phase. 
 

 
 
Table DR1: K2O concentration for each phase of particle #0030. Volume values are relative 
to each other for the particle. Units of K2O, CaO, K and Ca are in weight %. 
 
 



 
Fig. DR3: relative K2O concentration for each phase of particle #0030 
 
The relative K2O concentrations plotted in Fig. DR3 show that the main contributor of 
radiogenic 40Ar* is plagioclase with 96% of the total K2O, with low-Ca pyroxene and olivine 
accounting for the remaining 4% of the total.  

 
1.2 RA-QD02-0013 

 
The size of the particle is 91 µm in diameter and has an atypical rounded shape (Fig. DR4). 
The main phase constituents are olivine (53.5 vol%), plagioclase (33.96%), low-calcium 
pyroxene (5.76%), high-calcium pyroxene (4.4%)  and Taenite (0.35%) and an exolution 
band of K-feldspar within plagioclase (Fig. DR5). 

 
Fig. DR4: SEM picture of particle #0030 (courtesy of JAXA) 

 



 
Fig. DR5: Crystal phases of particle #0013 measured by SEM and EDX (courtesy of JAXA). 

 
The total volume of the particle is 234,404 um3 and the porosity is 4.75%. Plagioclase 
triclinicity and QUILF pyroxene equilibrium calculations based on electronprobe data from 
of this particle suggest crystallization temperature of ca. 810-820°C (Nakamura et al., 2011) 
consistent with a petrologic type ≥5. 

 

 
 

Table DR2: K2O concentration for each phase of particle #0013. Volume values are relative 
to each other for the particle. Units of K2O, CaO, K and Ca are in weight %. 

 

 
 

Fig. DR6: relative K2O concentration for each phase of particle #0013 



 
The relative K2O concentrations (Table DR2) plotted in Fig. DR6 show that the main 
contributors of radiogenic 40Ar* are plagioclase and the small exolution lamellae of K-
feldspar, with 50.2% and 48.5% of the total K2O, respectively. Olivine and low and High 
with low-Ca pyroxene accounting for the remaining 1.3% of the total.  

 
2. Analytical techniques 
 
2.1 Electron Back Scatter Diffraction (EBSD) 
 

Prior to EBSD analysis, the samples were polished for four hours with 0.6 μm colloidal 
silica in sodium hydroxide using a Buehler Vibromet II polisher in order to remove 
mechanical damage from previous polishing. The sample surface was monitored via optical 
microscopy every ten minutes during this polishing stage to ensure a high quality polish was 
achieved with minimal material loss. Pits from previous ion probe analyses (Nakashima et al., 
2013; Yurimoto et al., 2011) remained visible after polishing, indicating that <1 μm of 
material was removed. A thin carbon coat was applied to mitigate charging in the scanning 
electron microscope (SEM).  

 
EBSD data were collected on a Zeiss NEON 40 field emission (FE) SEM fitted with 

Oxford Instruments Channel 5 EBSD acquisition system and Nordlys 2 EBSD camera at 
Curtin University. SEM operating conditions were routine for EBSD analysis (20 kV 
acceleration voltage, 70° sample tilt, 15.0 mm working distance) (Prior et al., 1999). EBSD 
maps were collected using the Channel 5 Flamenco EBSD acquisition software using 60 ms 
pattern acquisition time, 64 frame background subtraction, 4x4 binning, Hough resolution of 
65. Match units for forsterite, chromite, troilite, enstatite, and monoclinic (2/m) albite were 
used to index the EBSD patterns, which utilised 7 bands and band edges. The software was 
unable to distinguish taenite and kamacite, and so these phases were indexed using an FCC 
iron match unit. Indexing was not possible in remnant ion probe pits. Post-processing was 
done using Channel 5 Tango, and included removal of isolated erroneous points (wildspike 
correction) and systematically misindexed points, followed by zero solution extrapolation to 
6 nearest neighbours. Comparison of the final data with band contrast map by visual 
inspection shows that no significant artefacts were generated. 

 
Maps and pole figures were produced using Tango and Mambo modules in Channel 5 

using available functions and routines in service pack 5.10. Pole figures are shown in the 
sample x-y-z reference frame, where x-y represents the plane of the polished surface. Pattern 
quality maps show that the surfaces of both particles are free of scratches and damage from 
previous polishing stages (Figs DR7, DR8). 
 
2.1.1 Particle #0030 
 
The proportion of successfully indexed points varied between phases, and generally related to 
EBSD pattern quality, particularly band contrast (Fig. DR7). Pattern quality and indexing of 



the feldspar grains was particularly variable, and indexing was not possible for some of the 
plagioclase grains. 
 

 
Fig. DR7: Maps of particle #0030 shaded for different measures of EBSD pattern quality: (a) 
Band contrast. (b) Band slope. 
 
 
2.1.2 Particle #0013 
 
The proportion of successfully indexed points varied between phases, and generally related to 
EBSD pattern quality, particularly band contrast (Fig. DR8). Pattern quality and indexing of 
the feldspar grains was significantly lower than in particle #0030, and indexing was not 
possible for the K-feldspar and some of the plagioclase grains.  
 

 
 
Fig. DR8: Maps of particle #0013 shaded for different measures of EBSD pattern quality: (a) 
Band contrast. (b) Band slope. 
 
2.2 40Ar/39Ar geochronology 
 
2.2.1 Grain delivery and presentation on arrival 
 
The two grains were shipped by JAXA and arrived individually mounted in resin stubs, 
polished to expose the grain and coated in carbon for the purpose of previous ion probe 
analysis.  After removal of carbon coating (a possible contaminant for 40Ar/39Ar analyses) by 



gently polishing the surface with ultra-fine diamond paste for hours, the grains were ready for 
extraction from the mount material. 

 

 
 

 
 
Fig. DR9: Microscope photographs of particles #0030 and #0013 within a mount and prior 
to extraction. The particles are embedded in resin and are carbon coated, as delivered by 
JAXA. 
 

2.2.2 Grain Removal experimentation and practice 
 
The mount resin composition was provided by JAXA, and multi-part composite liquids were 
sourced to make samples of the same composition for us to mount test grains in and practice 
grain removal.  Test mounts of varying hardness were prepared, containing grains of similar 
size and composition to the target grains. It was established that the mount resin was slightly 
elastic, and after softening the contact bond between the grains and the resin with a drop of 
acetone we found that a radial, outward-drawn star of scored lines around the mounted grains 
would stretch and open the “socket” of resin in which they were sunk, enabling the removal 
of the whole grain without any adhering mount material. Using this technique, the two 
Itokawa grains were removed from their stubs, and transferred on the tip of a probe to the 
individually prepared copper pits (Fig. DR10 and DR11).  Grain movement and possible loss 



was constrained by keeping the grain under a drop of liquid at all times; both on the stub and 
in the copper pit. 
 

 
 

Fig. DR10: Custom-made irradiation disc and plate setup used to carry a dust particle 
during the irradiation process. 
 
2.2.3 Grain packaging for irradiation 
 
Tiny individual pits with a raised edge were prepared by embossing a small square of pure 
copper sheeting from behind (Fig. DR11). These were laid over the centre pit of a standard 
aluminium sample irradiation disc. Three separate hand-cut “washers” of cleaned aluminium 
foil were placed over the pit after the grain was placed inside, and a cover of flat copper 
closed the set. The disc was tightly lidded with a flat disc, which created downward pressure 
on the raised edge of the copper pit, further sealed by the malleable aluminium foil layers.  
The whole group was wrapped tightly in aluminium foil, and submitted to the reactor in the 
usual manner for irradiation (e.g., Jourdan et al., 2014). 
 

 
 
Fig. DR11: Particle #0030 after irradiation and before loading in the ARGUS VI extraction 
line.  
 
2.2.4 Irradiation and analytical procedures 
 



Each disc included a series of Hb3gr hornblende used as a neutron fluence monitor for 
which an age of 1081.0 ± 1.0 Ma (1σ) was adopted (Renne et al., 2011) and a good in-
between-grains reproducibility has been demonstrated (Jourdan and Renne, 2007; Jourdan et 
al., 2006). The discs were Cd-shielded (to minimize undesirable nuclear interference 
reactions) and irradiated for 50 hours in the US Geological Survey nuclear reactor (Denver, 
USA) in central position. The mean J-values computed from standard grains within small pits 
bracketing the particles yielded values of 0.008789 ± 0.000011 (0.125%) and 0.008651 ± 
0.000024 (0.28%) for particle #0013 and #0030, respectively. Mass discrimination was 
monitored regularly through the analysis using an automated air pipette and provided a mean 
value of 0.99455 (± 0.05%) per dalton (atomic mass unit) relative to an air ratio of 298.56 ± 
0.31 (Lee et al., 2006). The correction factors for interfering isotopes were (39Ar/37Ar)Ca = 
7.06x10-4 (± 7%), (36Ar/37Ar)Ca = 2.81x10-4 (± 3%) and (40Ar/39Ar)K = 6.76x10-4 (± 10%).  

The 40Ar/39Ar analyses were performed at the Western Australian Argon Isotope Facility 
at Curtin University. Test plagioclase crystals, standards and the two Itokawa particles were 
loaded in to a single laser disc. Test plagioclase crystals and the two particles were step-
heated using a continuous 100 W PhotonMachine© CO2 (IR, 10.4 µm) laser fired on the 
crystals during 30 seconds and the gas was purified on a single AP10 for a total of 180 
seconds. Each standard crystal was fused in a single step a few months before the analyses of 
Itokawa’s particles. 

The gas was purified in an extra low-volume stainless steel extraction line of 170cc and 
using one SAES AP10 getter. Ar isotopes were measured in static mode using a low volume 
(600 cc) ARGUS VI mass spectrometer from Thermofisher© (Phillips and Matchan, 2013) 
set with a permanent resolution of ~200 (Fig. DR12). Measurements were carried out in peak 
jumping mode using a 0-background compact discrete dynode ion counter supplied with the 
ARGUS VI and using 10 cycles of peak-hopping and 33 seconds of integration time for each 
mass.  

 

 
 

Fig. DR12: ARGUS VI mass spectrometer and customized ultra-low volume extraction line 
at Curtin University. 

 



The raw data were processed using the ArArCALC software (Koppers, 2002) and the 
ages have been calculated using the decay constants recommended by Renne et al. (2011). 
Blanks were monitored every 3 to 4 steps and typical 40Ar, 39Ar and 36Ar blank values of ca. 
15.6, 0.016 and 0.056 fA. Relative abundance of Ar isotopic data of the two particles are 
provided in Annex 2 and have been corrected for blank, mass discrimination and radioactive 
decay are given in Annex 2. Individual errors in Annex 2 are given at the 1σ level.  

Due to delay in the installation of the machine, the analyses of the two particles have 
been carried out more than a year after irradiation preventing measurement of 37Ar for Ca 
interference correction. However, we used the Ca and K abundances measured by SEM and 
for each crystal types (Table DR1 and DR2) to calculate the Ca/K ratio of the particles and 
back calculate the 37Ar content of each crystal based on mass 39Ar.  The calculated Ca/K 
values for particle #0030 and #0013 are 8.0 and 5.4 are in any case very low resulting in 
minimal interference corrections (Fig. DR13). No cosmogenic correction was attempted as 
the 38Artotal values remained at the blank level. Trapped intercept 40Ar/36Ar values was 
measured using the inverse isochron for sample #0013 and were applied to its age spectrum 
calculation, whereas it was assumed for particle #0030 due to the clustering of the data in the 
inverse isochron plot (Annexe 2). 

 Our criteria for the determination of plateau are as follows: plateaus must include at least 
70% of 39Ar. The plateau should be distributed over a minimum of 3 consecutive steps 
agreeing at 95% confidence level and satisfying a probability of fit (P) of at least 0.05. 
Plateau ages are given at the 2σ level and are calculated using the mean of all the plateau 
steps, each weighted by the inverse variance of their individual analytical error. Inverse 
isochrons include the maximum number of steps with a probability of fit ≥ 0.05. All sources 
of uncertainties are included in the calculation.   

 
 

 
 

Fig. DR13: K/Ca ratio plot of the particle #0030 and #0013 calculated based on the 39Ar 
content and measured K and Ca content of the particle. 
 
3. Results  
 
3.1.1 Particle RA-QD02-0030 

#0030 #0013 



 
EBSD analysis shows that larger, single phase domains in particle #0030 are polycrystals that 
comprise of smaller, interlocking, variably shaped grains (Fig. DR14). The grains are bound 
by high-angle (>10°) grain boundaries, with common curved boundary segments and 120° 
triple junctions (Fig. DR14). Grains from most phases (with the exception of plagioclase) 
contain no significant intragrain misorientations, i.e., are crystallographically continuous 
(Figs DR14 and DR15). Plagioclase grains preserve some twinning (Fig. DR14). Dispersion 
of data in pole figures show that two plagioclase grains preserve progressive orientation 
variations of up to 15°, misoriented around pole to {001} (Fig. DR15). 
 
Pyroxene grains have a preferred crystallographic orientation (CPO), which is most 
pronounced by clustering of the {100}, {010} and {001} poles (Fig. DR15). No systematic 
CPOs are discernable for olivine or plagioclase, and there are too few grains of other phases 
to assess whether or not CPOs are present (Fig. DR15).  
 

 
 

Fig. DR14: EBSD maps coloured for (a) phase and (b) crystallographic orientation. 

 



 
 

Fig. DR15: Pole figures showing crystallographic orientation of data from different phases 
within particle #0030. Colours link to those shown in Fig. DR14B. Lower hemisphere, equal 
area stereographic projections. 
 
3.1.2 Particle RA-QD02-0013 
 
Olivine, low-Ca pyroxene and high-Ca pyroxene indexed successfully, whereas the feldspars 
indexed with mixed success due to low EBSD pattern quality (Fig. DR16A). Indexing was 
not possible for the K-feldspar and some of the plagioclase grains due to low band contrast 
and band slope. Some plagioclase grains suffered from systematic misindexing that was 
difficult to eliminate during post-processing because these points have the same symmetry as 
twins (Fig. DR16B, red boundaries). Nevertheless, the EBSD maps show that the larger 
plagioclase domain comprises several smaller interlocking grains of plagioclase with no 
significant intragrain misorientations (Figs DR16, DR17). The feldspar aggregate also 
contains several isolated low- and high-Ca pyroxene grains with curved grain boundaries 



(Fig. DR16). These grains do not preserve any significant intragrain misorientation (Fig. 
DR17). However, the large olivine grain in particle #0013 preserves an intragrain 
misorientation of approximately 6°, predominantly accommodated by low-angle (<10°) 
boundaries (Fig. DR16B). 
 
Several plagioclase grains (n = 3), and all of the low-Ca pyroxene (n = 2), high-Ca pyroxene 
(n = 6) and the large olivine grain preserve a very strong crystallographic alignment with one 
another, such that {100} and {010} are coincident to within ~10° (Fig. DR17). All of the 
pyroxene grains exhibit the orientation of a single crystal, irrespective of their composition 
(Fig. DR17).  
 
 

 
 
Fig. DR16: EBSD maps coloured for (a) phase and (b) crystallographic orientation. Olivine 
in (b) coloured to show intragrain misorientation from reference spot (red cross) from 0 
(blue) to 10° (red). 

 
 



 
 
Fig. DR17: Pole figures showing crystallographic orientation of data from different phases 
within particle #0013. Colours link to those shown in Fig. DR16B, except olivine, which is 
linked to Fig. 16A . Lower hemisphere, equal area stereographic projections. 
 
3.2 40Ar/39Ar data 
 
3.2.1 Particle RA-QD02-0030 
 
The particle #0030 yielded a very low Ar signal beam with a total signal of 99 and 0.015 fA 
of 40Ar* and 39Ar, respectively, unfortunately making the age calculation extremely sensitive 
to the blank correction. Various blank reductions were applied giving apparent plateau ages 
of 4.6 ± 1.7 Ga (MSWD=0.9; P=0.58); 5.4 ± 1.6 Ga (MSWD=0.1; P=1.0) and a mini-plateau 
(impossible) age of e.g. 6.5 ± 0.6 Ga (Fig. DR18). Mini-plateaus are much less robust than 
their plateau counterparts (Jourdan et al., 2009) and in such a case, the impossible mini-
plateau age is not discussed further.  Such high 40Ar*/39Ar ratios given by the two plateaus 
are indicative either of a very old age (i.e., ~4.5 Ga) or excess 40Ar*. Inverse isochron 
anlaysis cannot be used to determine the 40Ar/36Ar due to the clustering of the data near/at the 
radiogenic x-axis (Fig. DR19), but such a clustering indicates that no or very little excess Ar* 
is present in the sample, as otherwise, this would yield to a spread along the isochron line 



(Jourdan et al., 2009). Although we cannot put with confidence an absolute age on this 
particle, we can determine that it is very old and much older than particle #0013 (cf. below). 
In any case, the importance of this particle resides in its complete lack of shock and this is 
consistent with this interpretation as extremely low level of shock would not reset the K/Ar 
systematics of this particle. Therefore, based on a total absence of shock (and to some extent 
on the old age given by the 40Ar/39Ar data), we conclude that particle #0030 must have an age 
around ~4.5 Ga similar to the most unshocked LL-chondrite (Bogard, 2011). 
 

 
 

 
 



 
 
Fig. DR18: 40Ar/39Ar age spectra of particle #0030 depending on blank corrections. The 
signal is very low and extremely sensitive to blank corrections making the exact age 
uncertain. Nevertheless, all solutions yield a very old age. The age has been calculated using 
a 40Ar/36Ar intercept ratio of 1±1. 
 

 
 

Fig. DR19: Inverse isochron plot for 100% of the 39Ar gas. The spreading factor (Jourdan et 
al., 2009) of the significant data points is less than 5% and the very large uncertainties of 
40Ar/39Ar ratio is shown by the large ellipses along the x-axis. 
 
S3-A (blank correction 1) 

 
 



S3-B (blank correction 2) 

 
 
S3-C (blank correction 3) 

 
 
Table DR3. 40Ar/39Ar data summary for sample #0030. Relative abundance values are 
corrected for mass discrimination, blanks, and radioactive decay. Measurement uncertainties 
are given at the 1σ level. Units in the tables are given in pA. Only steps with positive 39Ar 
values are given for A,B and C. Due to the low signal, age calculation are very sensitive to 
blank corrections hence data using several blank corrections differing in the blank regression 
approach used, are given for transparency. A. Blank correction #1, B. Blank correction #2, C. 
Blank correction #3. 
 
3.2.2 Particle RA-QD02-0013 
 
Particle #0013 yielded a similar 40Ar beam signal than particle #0030 with a value of 93 fA, 
but a much better 39Ar signal with a value of 0.15 fA which is 10 times more than for particle 
#0030. Inverse isochron given by 94% of the total 39Ar released yield an age of 2284 ± 220 
Ma (2σ uncertainties) and an 40Ar/36Ar intercept of 52 ± 13 (2σ), with a MSWD = 1.0 and P-
value of 0.39 (Fig. DR20). When using the measured 40Ar/36Ar intercept value for the trapped 
ratio, we calculate a plateau age of 2291 ± 139 Ma (MSWD=0.31; P=1.0) including 100% of 
the total 39Ar released (Fig. DR21) and accounting for the uncertainties of the 40Ar/36Ar 
intercept. The plateau age of 2.29 ± 0.14 Ga is the age used in the discussion. 
The age spectrum (Fig. DR13) shows two separate spikes of 39Ar released separated by an 
area of low gas yield at intermediate temperatures. The two spikes are likely associated with 
the argon release first from the ca. 5 µm domain sized K-feldspar and subsequently from the 
25 µm albite crystals (Fig. DR21), the latter having a higher activation energy than K-
feldspar (Cassata and Renne, 2013). This is further demonstrated by our diffusion models (cf. 
below). The fact that the two phases yield the same apparent age within error give us 
confidence, first in the validity of this age and second that this age is associated with a 
thermal event that completely reset the K/Ar systematic of all the component of particle 



#0013. It also dismiss the possibility of an age bias due to 39Ar and 37Ar nuclear recoil loss 
(Jourdan et a., 2007 and references inside) as the two phase with two different size yielded 
the same age.  
 

 
 

Fig. DR20: Inverse isochron plot. The inverse isochron includes 94% of the total 39Ar gas 
released (green-filled square). Data in blue have a very small signal at the background level 
and are excluded of the calculation. The spreading factor (Jourdan et al., 2009) of the 
significant data points is 24%. 

 
 

 
 

Fig. DR21: Age spectrum of particle #0013 showing a 100% plateau age at ~2.29 Ga.  
 



 
 
Table DR4. 40Ar/39Ar data summary for sample #0013. Relative abundance values are 
corrected for mass discrimination, blanks, and radioactive decay. Measurement uncertainties 
are given at the 1σ level. Units in the table are given in pA. 
 
3.3 First 40Ar/39Ar analyses of single grain dust particles recovered from an extra-terrestrial 
body 
 

We carried out 40Ar/39Ar analyses of two particles from Itokawa, with moderate success for 
particle #0030 (Fig. DR18) and complete success for particle #0013 (Fig. DR21). These data 
represent the first 40Ar/39Ar data ever obtained on single-grain dust particles recovered in-situ 
from an extra-terrestrial body and the first data on single particle of such a small size and low 
K2O content. Therefore, the approach described above using an ultra-low-volume customized 
extraction line, a low-volume ARGUS VI mass spectrometer (Fig. DR12) (Phillips and 
Matchan, 2013) and measurements using a peak jumping approach on the CDD ion counter 
has been largely validated during this study. As a consequence, this study opens a new era of 
single grain analysis for precious, rare and small particles of extra-terrestrial material and 
should be applied to any future sample recovery mission (e.g. Hayabusa 2, Mars). Such an 
approach would not have been possible with the previous generation of noble gas machines 
(e.g., MAP 215-50; VG3600) as they were lacking sensitivity and their volume were too big 
(Matchan and Phillips, 2014).  Only a multi-grain type analysis could allow recovering 
enough argon beam signal on those machines but, as shown in this study, since those particles 
do not come from a single sample, but rather from a regolith blanket including different 
particles with different shock-time-temperature histories, pooling several particles is not 
reasonable if one wants to recover usable information.  

 
3.4 The power of the 40Ar/39Ar dating of regolith particles 
 
A regolith layer consists of a myriad of detrital particles coming from various locations in 

the asteroid and mixed together by a large numbers of impacts of various sizes. This is well 
illustrated by our data showing two dust particles scooped together but showing completely 
different time-temperature histories. Here, our new approach means that each particle can 
deliver the time-temperature history from the rocks it belonged. Of course, two particles still 



give only limited information regarding the history of an entire asteroid, but show that if one 
analyses a sufficient number of particles from a single scoop of the regolith, then one should 
be able to get a much better constraint on the global time-temperature history of an asteroid, 
maybe even more than a few decimetre-size samples from a single location. Terrestrial 
detrital studies showed that 40Ar/39Ar analyses of at least hundred crystals or so usually 
deliver a complete time-temperature history of the surrounding regions (Hodges et al., 2005). 
Since asteroids are likely to be less complex than terrestrial rocks, it is likely that only a 
fraction of this number is required to constrain the complete impact history of an asteroid. As 
a consequence, this study prompts us to recommend the targeting of regolith layers for future 
asteroid (and perhaps planet) recovery missions, especially since the approach pioneered in 
this study demonstrates that it is possible to analyse single dust particle.  

Regarding Itokawa’s particles, it would be desirable to analyse more dust particles. 
However, since the number of available dust particles with a sufficient size for 40Ar/39Ar 
dating is highly limited to a one or two tens of particles due to unexpected problems 
encountered during the Hayabusa probe sampling, and since the 40Ar/39Ar technique is a 
destructive method at the grain scale, our knowledge of the complete history of the asteroid 
will be limited to the 40Ar/39Ar dating of a few more particle at best (some in progress). 
Nevertheless, the dust samples recovered by the Hayabusa space probe give us an insight of 
what can be gained from complete regolith sample recovery. 
 
4. Cooling and diffusion models 
 
4.1 Stefan-Bolzman radiative cooling of a 25m radius boulder 
 
We calculated the cooling time of a chondrite boulder of 25m radius from peak post-shock 
temperature to below 200°C. An average diameter of 25m has been chosen based on visual 
observation of Itokawa where boulders with a maximum size of 50m have been reported by 
(Tsuchiyama, 2014). We approximate the system by calculating the cooling time of a basaltic 
sphere in vacuum. The average physical properties of basalt are used as a proxy for chondritic 
material due to the larger availability of the physical constants of basalt within the current 
literature. The time scale required for radiative cooling was calculated after assuming an 
idealized perfect black body following Humayun and Koeberl (2004). This approximation is 
valid as the emissivity  of basalt is measured to be higher than 0.95 at the high temperature 
regions (Ball and Pinkerton, 2006; Pinkerton et al., 2002): 
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After substituting the density (ρ) and volume of the sphere 	  by the mass 	

	 	 , and continuing with the separation of variables yields: 
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The time elapsed since the starting point of the radiative cooling can be calculated after 
integrating the Equation (2) between the temperature limits of T when the time is equal to t, 
and the initial temperature as Ti at time zero: 
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which yields the time (t) required for radiative cooling : 
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where r is radius of a sphere (m), ρ is density (kg/m3), Cp is the heat capacity at constant 
pressure (j kg−1 K−1), σ is the Stefan-Boltzmann constant (5.670373 × 10−8 kg s-3 K−4), and Ti 
is the initial (maximum temperature) in Kelvin. The variables for the present system were 
taken as a sphere with r= 25 m; ρ for basalt was assumed to be around 3000 kg/m3 
(Leverington, 2007), and Cp of basalt was approximately 840 j kg−1 K−1 (Mitchell, 2005). The 
spherical solid particles of basalt at the beginning of the process (t0=0 s) has an initial-
maximum temperature of Ti  where we used value of 900 and 500°C as iteratively calculated 
back and forth with the temperature calculated in our 40Ar* diffusion model. The lower limit 
of our cooling model is set at 200°C where Ar stops to diffuse out of the system. Using 
equation (4), we calculated duration of 12.5 and 11.3 days for peak temperature of 900°C and 
500C, respectively.  

4.2 Solid-state diffusion of argon 
 
Using solid-state diffusion models, we test the time-temperature conditions required to reset 
the K/Ar system in order to constrain the condition required to reproduce the reset age at 2.3 
Ga for particle #0013. 
 
We used the diffusion equations from (Crank and Gupta, 1975) with the details of the 
equations which are given by McDougall and Harrison (1999). We used spheres with a radius 
of 25 µm representing plagioclase crystals from particles #0030 and #0013 and a radius of 5 
µm for the plagioclase exolutions.  
 
When F ≤ 0.15 (e.g. (Crank and Gupta, 1975; McDougall and Harrison, 1999), the fraction of 
Ar retained in a spherical sample is given by: 
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where f is the fraction of argon degassed, r is the radius of the sphere and t is the time 

required to achieve a given amount of Ar degassing. D is the diffusivity, whose temperature 
dependence is given by the Arrhenius relation: 
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where D0 is the frequency factor and Ea is the activation energy for a given chemical 
composition and at a given pressure. R is the gas constant and T is the absolute maximum 
temperature of heating event. 
 
We used the following diffusion parameters: Albite (D0 = 5 x 103 cm²/s; Ea = 290 kJ/mol), 
Kfeldspar (D0 = 5 x 10-2 cm²/s; Ea = 196 kJ/mol) and orthopyroxene (D0 = 6 x 102 cm²/s; Ea = 
371 kJ/mol) taken from Cassata and Renne (2013) and Cassata et al. (2011). 
 
We calculate Ar-Time-temperature curves (A-T-t cuves, (Jourdan et al., 2010; Jourdan et al., 
2014)) which represent the minimum time-temperature conditions required to fully purge the 
argon out of Albite and K-feldspar crystals with respective radius of 25 µm and 5 µm, 
respectively. In other words, our calculation illustrates the conditions required to completely 
reset the K/Ar system for those crystals. The time required to reset a given crystal varies in 
function of the temperature applied to the system with shorter durations required for higher 
temperatures. We indicated A-T-t curves calculated for duration of seconds, days and years 
for illustration. Our Stefan-Boltzmann cooling calculation (Eqn 4) suggests that a 25m 
boulder would take ca. 12 days to cool from 900°C to 200°C. The present diffusion model 
shows that for an albite crystal, a temperature of ˃800°C is necessary for a duration of ca. 11 
days where the system is constantly maintained at this temperature (Fig. DR22b). Shorter 
durations (Fig. DR22a) are unlikely as the system requires time to cool down. Similarly, 
much longer durations (Fig. DR22c) are unlikely except if the particle is buried under an 
insulating regolith blanket that retards the loss of heat from the system. In this case, an 
overlong duration of 100 ka would still require a temperature of 500°C maintained for this 
duration (Fig. DR21c).  
 



 
 
Fig. DR22: A-T-t curves indicating the minimum time-temperature values needed to fully 
reset the K/Ar system for a sphere of 25 µm in radius (Jourdan et al., 2010). Areas located on 
the right or above the curve indicated full reset of the system for a given mineral. Red curve 
= albite, green curve = K-feldspar and purple curve = Orthopyroxene. D0 and Ea values for 
each mineral are given in the text above. The three panes are the same graph plotted at 
different scale.    
 
Those calculations do not include a cooling history for the system (e.g., from 800°C to 200°C 
in 12 days) but rather assume a constant temperature maintained for a given duration (800°C 
maintained for 12 days), although the effect of the peak temperature is exponential (i.e. the 
value of the peak temperature for a given duration has more effect on the diffusion of Ar than 
the duration itself). Furthermore, this model does not take into account the radioactive decay 
accumulation of 40Ar* between the time of crystallization and the shock reset event, nor the 
radiogenic 40Ar*accumulation until present time. Lastly, it only provides the total argon loss 
of a single mineral phase rather than showing the effect of diffusion on a given age spectrum 



produced from different mineral phases analysed together (i.e. here K-feldspar and albite). 
Therefore, we developed a more sophisticated model thereafter including cooling and 
radioactive decay and phase mixture resulting in synthetic 40Ar/39Ar age spectra to further test 
our hypotheses. 
 
The overall fractional loss of 40Ar (f) from a spherical geometry is calculated according to the 
following equation given by McDougall and Harrison (1999): 
 

1 6 exp 																	 7  

 
where M0 is the initial mass of 40Ar; Mf is the final mass of 40Ar after a time interval of t, D is 
the diffusivity; and r is the effective diffusion radius of a spherical geometry and where argon 
diffusion in a mineral was assumed to follow the Arrhenius equation (Eqn 7). 
 
The 40Ar/39Ar ratio observed in the laboratory after y-multiple outgassing events in nature for 

a duration of t1 per each event, and a laboratory heating for a period of t* was calculated 
according to the following formula modified after (McDougall and Harrison, 1999) to 
account for radioactive ingrowth from t0 to present. Cj* term represents the concentration of 
40Ar* during each series of outgassing which includes the radioactive ingrowth of 40Ar* ands 
C39 is the unit value of 39Ar concentration: 
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A versatile Excel spreadsheet has been developed for calculating the numerical solution of 
equations 7 and 8, leading to generate a theoretical 40Ar/39Ar spectra. For the infinite 
summation terms, 250 data points (from n=1 to n=250) have been used to simulate infinity.   
 
We converted the 40Ar/39Ar ratio in apparent age (Ma) using the standard 40Ar/39Ar age 
equation and using a value of 1 for 39Ar was calculated in parallel with the calculated amount 
of 40Ar/39Ar obtained from Eqn (8) : 
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where λ is the radioactive decay constant (5.54 x 10−10 year−1), and Jo is a parameter related 
with the irradiation process. We tested our Excel model against available diffusion software 
(Lister and Baldwin, 1996) showing excellent match. However, the published version of this 
model is currently limited in its flexibility, in particular for simulation of impact-induced 
shock heating events which require peculiar conditions.  



 
We interrogated our model for a series of T-t histories for each particle for Albite, K-feldspar, 
orthopyroxene and a mixture of 51:49% of Albite and K-feldspar. The goal was to test the 
maximum conditions that particle #0030 could withstand before its K/Ar system was 
sufficiently perturbed to yield an age significantly younger than the age spectrum obtained 
for this particle. We simulated a heating event at 2.3 Ga, but a heating event with any other 
age younger than ~ 4 Ga would have similar consequences for the particle. Conversely, we 
tested the minimum T-t conditions required to fully reset particle #0013 at 2.3 Ga. 
 
4.2.1 Particle #0030 
 
Diffusion models for a 25 µm radius albite crystal show that a maximum temperature of 
500°C cooling down to 200°C in 11 days is allowed to account for the old age of the particle 
(Fig. DR23). For a much longer cooling duration of 100 ka (Fig. DR24), a maximum 
temperature of 350°C is allowed.  
 
 

 
Fig. DR23: Modelled age spectra for a 25 µm radius sphere with an albite composition (D0 
and Ea values are given in the text) that has been heated by impact shock at peak 
temperatures of 400 to 700°C. Cooling from the peak temperature to 200°C is simulated over 
11 days. 
 



 
 
Fig. DR24: Modelled age spectra for a 25 µm radius sphere with an albite composition (D0 
and Ea values are given in the text) that has been heated by impact shock at peak 
temperatures of 350 and 400°C. Cooling from the peak temperature to 200°C is simulated 
over 100,000 years. 
 
A relatively low temperature is in agreement with the total lack of shock evidence recorded 
by the particle and as demonstrated by the EBSD results (Fig. DR14).  
 
4.2.2 Particle #0013 
 
This particle has two main K reservoirs contributing to the 40Ar* signal; the main crystal of 
albite, and the exolutions of K-feldspar. These crystals are approximated by spheres of 25 µm 
and 5 µm, respectively, and using the diffusion parameters given above. Modelling of the 
degassing behaviour of particle #0013 shows that two overlapping degassing peaks should be 
observed with the K-feldspar exolution degassing first (Fig. DR25). This is in agreement with 
a bimodal age spectrum (Fig. 2 and DR21) although the synthetic degassing curves suggest 
more overlap between the two phases, compared to the real age spectrum where the two 
degassing peaks are separated by a period of low gas yield at intermediate degassing 
temperatures. The 40Ar/39Ar spectra of an orthopyroxene crystal has been modelled for 
comparison, and our model shows a degassing event at much higher temperature.  



 
Fig. DR25. Theoretical laboratory degassing curves for albite, K-feldspar and 
Orthopyroxene based on diffusion and sphere size given above. The dash curve represent the 
behavior of a particle including all those phases and relative to the amount of 40Ar* given by 
each components. In this case, 40Ar* is almost exclusively carried by albite and K-feldspar 
with a negligible contribution from Orthopyroxene. 

 
 

Our synthetic models show the theoretical behaviour of albite and K-feldspar in function of 
the peak temperature during a shock event and followed by cooling during 12.5 days 
(calculated below for a 25m radius boulder). The series of synthetic age spectra shows that 
albite is more resistant to such a heating event than K-feldspar, as K-feldspar is reset at 
800°C whereas a temperature of 900°C is necessary to quasi-fully reset albite (Fig. DR26). 
 
 
 
 
 
 
 
 
 

 
 
 

 
Fig. DR26: Modelled age spectra for a 25 µm radius sphere with an albite composition and 
a 5µm radius sphere with a K-feldspar composition (D0 and Ea values are given in the text) 
that has been heated by impact shock at peak temperatures of 600, 700, 800 and 900 °C. 
Cooling from the peak temperature to 200°C is simulated over 12.5 days. 
 
More importantly, we model the behaviour of a composite particle consisting of 51% albite 
and 49% K-feldspar and using the dimensions and diffusion parameters used above. 



Complete reset is only reached at ~ 900°C as controlled by the more resistant albite crystal. 
This implies that the age spectrum obtained for particle #0013 can only be reproduced using 
temperature equal or in excess of 900°C (Fig. DR27).  

 
 

Fig. DR27: Modelled age spectra for a mixture of a 25 µm radius sphere with an albite 
composition comprising 51% of the K2O and a 5µm radius sphere with a Kfeldspar 
composition comprising 49% of the total K2O (D0 and Ea values are given in the text). The 
composite mixture has been heated by an impact shock at peak temperatures of 600, 700, 800 
and 900 °C. Cooling from the peak temperature to 200°C is simulated over 12.5 days.  

 
If for some reason the cooling duration of the particle is significantly longer (e.g. improbable 
extreme case of 100 ka), then the temperature required to reset the albite-K-feldspar system 
will be lower than calculated above. Our model shows that a temperature of 500°C is 
required to purge the particle of its 40Ar* and reproduce the plateau spectrum of particle 
#0013 (Fig. DR21). We note that the later duration is totally unrealistic as an asteroid will 
behave like a black body and our calculation suggest that the post-shock cooling of small 
blocks happens in a matter of days/weeks, not 100 ka. Nevertheless, this shows that for such 
an improbable long cooling duration, even a 500°C peak temperature is incompatible with 
theoretical post-shock temperatures of 100-200°C associated with pressure of 15-25 GPa and 
based on Hugoniot curves (Schmitt et al., 1994).  

 



 
Fig. DR28. Same caption as figure DR27 but for a cooling duration from peak temperature 
to 200°C of 100 ka (deemed unrealistic). 

 
 

4.3 Effect of porosity on post shock temperatures  
 
The post-shock temperature required to reset the K/Ar system at 2.3 Ga has been calculated 
above to be around 900°C for a cooling duration of 12 days. The shock pressure required to 
cause such a post-shock temperature in an asteroid collision depends on the initial porosity of 
the asteroidal material. For a given shock pressure, porous rock is heated to a significantly 
higher temperature than nonporous rock (Davison et al., 2012; Davison et al., 2010; 
Wünnemann et al., 2008) owing to the extra waste heat from pore collapse. For example, 
Sharp and De Carli (2006) showed that non-porous quartz material shocked to 10 GPa 
experiences an increase in temperature of ca 75°C, whereas quartz sand with 40% porosity 
shocked to the same pressure is heated by more than 1500°C. To constrain shock heating of 
Itokawa-type material we calculated post-shock temperature as a function of shock pressure, 
with pressure values up to 70 GPa (Fig. 4) and up to 100 GPa (Fig. DR29)) and initial 
porosity (up to 40%) starting from a temperature of 0°C (cf. Eqn 10) and using the numerical 
approach described by Davison et al. (2010). Shock states, including entropies, were 
calculated by coupling the ANEOS equation of state (Melosh, 2007; Thompson and Lauson, 
1972), the epsilon-alpha porous compaction model (Collins et al., 2011; Wünnemann et al., 
2006) and the third Hugoniot equation, describing the conservation of energy during the jump 
from the reference state to the shock state. For each shock state the corresponding (post-
shock) temperature after isentropic release was then computed using ANEOS by finding the 
1-bar state at the same entropy as the shock state. To represent Itokawa material calculations 
used ANEOS input parameters for forsterite (Benz et al., 1989) and representative epsilon-
alpha compaction model parameters for low-to-moderate porosity granular materials 
(Davison et al., 2010; Wünnemann et al., 2006; Davison et al., 2016). Our approach assumes 
hydrodynamic compression and so neglects shear heating owing to permanent shear 
deformation (although the dissipative effect of permanent compaction in porous materials is 
accounted for). This is an important additional component of shock heating in minerals at low 
(<20 GPa) pressure (Raikes and Ahrens (1979), but results in a temperature increase of 
<100°C. At higher pressure the relative contribution from shear heating is much smaller and 
the hydrodynamic approximation is sufficient. The results of our calculations (Fig. 4 and 
S29) are consistent with independent estimates of shock heating in L-chondrite analog 
materials (Schmitt et al., 1994; Schmitt, 2000). Note that Fig. DR29 provides solutions up to 
100 GPa showing inflection in the P-T curves due to a phase transition in forsterite. 
 
Assuming a shock pressure of 15-25 GPa (Schmidt, 2000) as indicated by the EBSD 
observations, our calculations suggest that a post-shock temperature of ca. 900°C requires an 
initial porosity of 20-30% in the host rock containing particle #0013 at the time of the impact. 
This is slightly lower than the present bulk porosity of Itokawa of ca. 40% (Tsuchiyama, 
2014), but it is not clear what proportion of this bulk value is macro-scale porosity (e.g., large 



fractures) versus micro-scale (e.g., intragrain) porosity likely to be present in the host rock of 
particle #0013. For a low (<5%) porosity material the same shock pressure would result in a 
very modest temperature increase (<150°C). Even for 10% porosity, which is the average 
porosity of Ordinary Chondrite meteorites after the initial asteroid compaction (Consolmagno 
et al., 2008), heating associated with shock pressures of 15-25 GPa is not expected to raise 
the temperature above 400°C. Therefore, it is clear that the target rocks must have had 
substantial porosity for moderate shock pressures to cause heating sufficient to reset the K/Ar 
system for both anorthite and K-feldspar. Such a high level of porosity is unlikely to be found 
on a post-compaction monolithic asteroid, or an asteroid with bulk properties consistent with 
Ordinary chondrite meteorites, but is consistent with the high-porosity rubble pile structure 
inferred for Itokawa. This implies that at the time of the impact at 2.3 Ga, the rubble pile 
structure of the asteroid was already formed. This asteroid could be Itokawa, or a larger 
version of Itokawa, but the monolithic parent asteroid had already been broken apart by a 
large impact prior to 2.3 Ga. Therefore, 2.3 Ga represents a minimum age for the formation 
of Itokawa’s rubble pile structure. 
 

 
 

Fig. DR29: Post-shock temperature of forsterite as a function of shock pressure for a range 
of different initial porosities (ϕ) and for peak shock pressure up to 100 GPa. Shock and 
release calculations computed using ANEOS equation of state for forsterite (Benz et al., 
1989), following the approach described by (Davison et al., 2010). Temperatures above the 
solidus (dashed lines) are approximate as latent heat of fusion is neglected. Horizontal lines 
indicate the upper and lower bounds on heating inferred from K/Ar system resetting.  

 
4.4 Case for pyroxene 40Ar* contributions: 
 
Chemical analyses suggest that up to ca. 0.4% of the K2O in particle #0013 comes from low-
Ca pyroxene (± olivine) which in this case, if potentially visible on an age spectra, would 
have required minimum temperatures of 1200°C for the same 12 days cooling duration to be 



totally reset (Fig. DR30). This in turn suggests that the system would require a porosity of 
40% for a shock pressure of 20 GPa. However, it is very unlikely that such a low 40Ar* 
contribution would be identifiable in a true step heating age spectrum and it is therefore safe 
to neglect any contribution from pyroxene in the 40Ar/39Ar age spectrum from particle #0013.  
 

 
 
Fig. DR30: Modelled age spectra for a mixture of a 25 µm radius sphere with an albite 
composition comprising 50.6% of the K2O, a 5µm radius sphere with a Kfeldspar 
composition comprising 49% of the total K2O and a 15 µm radius sphere with a 
Orthopyroxene composition and contributing to only 0.4% of the total K2O (D0 and Ea values 
are given in the text). The composite mixture has been heated by an impact shock at peak 900 
°C and cooled to 200°C for 12.5 days. Only the last 0.4% of the age spectrum show the 
contribution of orthopyroxene which would be invisible on a real age spectrum. 

 
4.5 Effect of solar radiation on Ar diffusion loss and ambient temperature 
 
4.5.1 surface temperature of Itokawa during its current orbit. 
 
The two dust particles have likely been exposed to the surface of Itokawa since several 
million years as shown by cosmogenic exposure ages of up to 10 Ma (Nagao et al., 2011). 
During this time, the particles were exposed directly to the sun light and thus might have lost 
a portion of the 40Ar* due to diffusion. Itokawa’ perihelion is similar to Earth’s distance to 
the Sun, with a value of ~142 millions of km (0.95 AU). At this distance, without any 
atmosphere, and with an albedo of 0.24 and relatively fast rotation period of ca. 12 h, one can 
calculate a value for the equilibrium surface temperature of Itokawa.  
 

Teq =           
	/	 ² 	 	 	 	 	

.           (10) 

 

 



Where Teq is the equilibrium temperature at the surface of Itokawa, As = area of the sun, A = 
bond albedo of Itokawa with a value of 0.24 (Cellino et al., 2005), Ts is the temperature of the 
sun (~6000 °K), and Ro is the radius of the Asteroid orbit (142 Mkm at its perihelion). 
 
 We calculate a maximum temperature 5 °C at perihelion. At a distance of 1 AU from the 
sun, this corresponds to a calculated temperature of -2 °C. The latter average value 
corresponds relatively well with recent spacecraft measurements that showed surface 
temperatures ranging from -15 °C to a peak temperature of 30 °C (Okada et al., 2006; Yano 
et al., 2006), and better describe the peak temperature experienced during day time compared 
to subsolar temperature calculations suggesting peak temperature of ca. 110°C. 
 
Argon diffusion calculations using the diffusion equations described above and using the 
diffusion parameters previously mentioned for each mineral phase show that neither the albite 
grain (Equivalent radius of 25 μm and 48 μm spheres) nor the K-feldspar grain (with a radius 
of 5 µm) lose any radiogenic 40Ar* due to solar radiation (Tmax Surface ~ 30°C since the impact) 
at the surface of the asteroid for any period of time (Fig. DR29). Similar conclusions using 
different a diffusion modelling approach have been reached by Park et al. (2015). 
 

 
 
Fig. DR29: diffusion calculation showing the nil effect of Sun exposure on 2.3 Ga crystals of 
albite (25 µm radius) and K-feldspar (5 µm radius) and maintained at -2°C for 2.3 Ga. 
 
Using the same equations, we have also calculated that the temperature reached during 
neutron irradiation and extraction line bake out (Tmax ~ 250 °C for 75h) caused less than 
0.004% of argon loss, hence fully preserving the information of impact events at the surface 
of the asteroid. 
 
4.5.2 Sub-surface temperatures of Itokawa during past (mercurian?) orbit. 
 
It has been proposed that the paleo-orbit of Itokawa could have taken the asteroid much 
closer to the Sun than its current orbit, and possibly as close as the current orbit of Mercury 
(Yoshikawa, 2002). Being so close to the sun would have an effect on the maximum 
temperature experienced by the two particles analyzed in this study and which could in turn 
affect the significance of the porosity calculation model presented above if the 2.3 Ga impact 
happened at 0.5 AU (the model assumes pre-shock temperature of 0 °C).  



 
We have calculated a surface temperature of up to 212 °C at perihelion using an equilibrium 
temperature calculation presented in Eqn (9). As we have seen above, an equilibrium 
temperature calculation seems to better match the surface temperature measured on a 
relatively fast rotating body like Itokawa compared to a subsolar calculation, best used for 
slow rotating objects (e.g. the Moon), although it still requires an ad-hoc correction of +32 
°C. 
 
Whereas Eqn (9) works relatively well for estimating surface temperatures, cosmogenic 
exposure ages measured on several Itokawa’s particles showed that the particles have been 
exposed to cosmic rays at the surface of the regolith for less than 10 Ma (Nagao et al., 2011). 
This means that Itokawa’s particles were buried beyond the penetration depth of cosmic rays 
before then. Furthermore, considering that Itokawa is losing material with a thickness 
equivalent to tens cm / Ma (Nagao et al., 2011), it is safe to assume that the particles were all 
buried below (at very least) a few meters of regolith for the past several Ga. Therefore, since 
the peak temperature resulting from solar illumination is much lower at depth than at the very 
surface (Vasavada et al., 1999), that means that a depth-temperature attenuation factor 
(Jourdan and Eroglu, 2017) must be considered when calculating the temperature experienced 
by the particles. Vasavada et al. (1999) showed that below 80 cm depth, the temperature at 
the sub-surface of Mercury reaches an equilibrium temperature about 0.63 times (in °K) the 
temperature experienced by the surface of the body. For comparison, a similar equilibrium is 
reached below 30 cm on the Moon  (Vasavada et al., 2012). If asteroid Itokawa would have 
followed an orbit close to Mercury’s perihelion, we calculate that particles buried below 80 
cm of regolith would experience a temperature of ca. 33 °C regardless if this temperature is 
measured during the day or night as the temperature reaches an equilibrium at this depth 
(Vasavada et al., 1999). Considering a bias of 32 °C between equilibrium temperature 
calculation and peak temperature measurement as shown in section 4.5.1, we estimate that the 
particle experienced a peak temperature of no more than 65°C. Significantly, such a 
temperature is too low to trigger any thermally activated Ar diffusion loss (cf. models above). 
Similarly, our temperature-shock porosity model assumes a pre-shock ambient temperature of 
0 °C (Fig. 4). The ambient temperature range of buried particles from an asteroid on a 
mercurian orbit (~65 °C) or on Itokawa’s current aphelion orbit (bias corrected temperature 
of -110 °C) correspond to porosity estimates that vary by less than 5% (Fig. 4 and DR29) for 
any range of shock pressure and, therefore, does not affect our estimates or conclusions.  
 
4.6 Possibility of a transient event: 
 
We now hypothesise that the peak temperature associated with the impact event at 2.3 Ga 
was not sustained for a period of more than a few tenths of a second and that the particles 
have cooled rapidly when exposed to the vacuum of space (Cassata et al., 2011). Solid-state 
diffusion modelling (Eqs 5 and 8) and thermodynamic melting calculations of plagioclase 
solidus as a function of time-temperature (Fig. DR22; Jourdan et al., 2014) predict that both a 
brief spike of temperature of at least ~2700°C sustained for at least 0.02s, followed by a 
virtually instantaneous cooling with a cooling rate of 8000°C/s are required in order to reset 



the K/Ar clock of the plagioclase crystals without melting plagioclase (Fig. DR21). Such a 
high temperature requires either a very focussed energy wave, or a very high local porosity. It 
is not clear if the above conditions would irreversibly change the crystallographic structure of 
the crystal aggregate. Nevertheless, transient crystal melting calculations (cf. Fig. DR22 and 
Jourdan et al. (2014)) for crystal size of 1 µm to approximate crystal boundary dimensions 
show that for transient events longer than 0.02s, some crystals would show signs of melting 
at grain boundaries which has been observed for a few particles (e.g., #0032); but not for 
#0030 nor #0013 (Nakamura et al., 2011). Therefore, we rule-out any occurrence of a 
transient event due to the absence of melting evidence at grain boundaries within particles 
#0030 and #0013.  
 

Supplementary text: 
 
Comparison of our results with 40Ar/39Ar ages obtained for LL-chondrite 
 
Analysis showed that Itokawa is a S-type asteroid body with a LL chondrite composition 
(Nakamura et al., 2011). LL-chondrites are the least abundant of all chondrite meteorites and 
only very few 40Ar/39Ar ages are available (Bogard, 2011), most of which are not based on 
plateau criteria. The 40Ar/39Ar age distribution of LL-chondrite show age concentration of > 
3.8 Ga and < 1.3 Ga, with only one apparent age around 1.9 ± 0.1 Ga for the meteorite 
Parnallee (Ash et al., 1994; Swindle et al., 2014) which would be the only viable target in the 
terrestrial collection to have experienced an impact event with a distinctive apparent age 
sufficiently similar to the age given by the particle #0013 at 2.3 ± 0.1 Ga. We note that the 
apparent 40Ar/39Ar ages are statistically different but since the full dataset was not published, 
this makes the comparison between the latter data and the present results difficult. 
Nevertheless, this offers the interesting possibility that Paranallee could be an “Itokawite” 
meteorite and should be further investigated using modern 40Ar/39Ar approaches. Obviously, 
the 40Ar/39Ar age data bases of LL-chondrite and Itokawa grains are very poor and a priority 
task should be to analyse a significant amount of samples from both bodies. The lack of 
shock features and age resetting for particle #0030 make it not discriminatory in the LL-
chondrite age database.  
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